DmFoxF is a novel Drosophila fork head domain factor, which is expressed in the visceral mesoderm of the embryo. Our data suggest that DmFoxF is the fly orthologue of the vertebrates FOXF1 and FOXF2 transcription factors. DmFoxF shares homology with FOXF1 and FOXF2 in its fork head domain, and it is able to specifically bind DNA sequences recognized by these vertebrate fork head factors. In stage 10-11 embryos, the DmFoxF protein is detected into the nuclei of cells of the presumptive visceral mesoderm. It localizes at the segmental cell clusters of the mesoderm, which will eventually develop to surround the midgut endoderm. DmFoxF is also expressed in the proctodeal mesoderm, which will develop into the visceral mesoderm of the hindgut. q
Results and discussion
The fork head family groups transcription factors that share a structurally related DNA binding domain, the fork head domain . Several fork head domain (FD) genes, have been cloned and characterized in Drosophila. Most of them are involved in embryonic development (Hacker et al., 1992) . In a search of the Drosophila DNA sequences database (Berkeley Drosophila Genome Project) with the amino acid sequence of the fork head domain, we identified a novel putative Drosophila fork head protein. This showed 63% homology, in its DNA binding domain, with the sequences of vertebrate FOXF1 and FOXF2 fork head factors (Pierrou et al., 1994) . Based on this homology and other functional assays described below, we postulated that this novel Drosophila fork head factor was the fly orthologue of the vertebrate FOXF1 and FOXF2, and thus named it DmFoxF.
We found that the DmFoxF sequence was included in a genomic clone (AC004351) from the third chromosome of Drosophila, which mapped the gene at the band 65D4-65E1. The putative exon-intron structure of DmFoxF was predicted by searching for canonical donor and acceptor splice sites in this genomic sequence, and confirmed by RT-PCR experiments. The gene spans at least 4 Kbp and contains four exons (Fig. 1A) . All splice junctions conformed to the GT/AG rule (Padgett et al., 1986) . This indicates that the DmFoxF transcript spans at least 2582 nucleotides, with an open reading frame (ORF) of 1992 nucleotides. This would code for a 664 amino acid polypeptide, which includes the entire fork head DNA binding domain (Fig. 1B) .
Recently, we have found in the database a computerpredicted cDNA sequence (CG18647) that included part of the DmFoxF sequence. This cDNA included an extra exon of 90 nt, between exon 1 and exon 2. Although this extra exon would maintain the reading frame, it would add 30 extra residues to the predicted amino acid sequence, interrupting the fork head domain. This extra sequence has no correspondence within the human and mouse FOXF1 and FOXF2 proteins. Several attempts to find mRNAs with this extra exon by RT-PCR experiments, failed to provide evidence for the actual utilization of this alternative exon. However, we cannot discard that some rare Drosophila mRNA species may contain it.
The homology between DmFoxF and vertebrate FOXF1 and FOXF2 is restricted only to the fork head domains ( Fig.  2A) , which show a rather low sequence similarity. However, the computer predicted three-dimensional structure of the DmFoxF fork head domain showed a general topology akin to that of other fork head domains (Fig. 2B) . In order to know whether the Drosophila factor was able to bind DNA similarly to the vertebrate homologues, we carried out electrophoretic mobility shifts assays. We used a recombinant Glutathione-S-transferase (GST):DmFoxF fusion protein, and a labeled oligonucleotide probe (F in Fig. 3 ) containing a consensus FOXF2 site (Pierrou et al., 1994) . A retarded band was observed when this probe was incubated with the GST:DmFoxF fusion protein (Fig. 3 ), but not when purified GST alone was used. The same unlabelled oligonucleotide, but not an unrelated oligonucleotide, efficiently competed the formation of the retarded band. A related oligonucleotide (PE2) poorly competed the formation of the complex. This oligonucleotide contains a high affinity site for another fork head factor, FOXJ2, (Perez-Sanchez et al., 2000) and has a similar, but not identical, sequence. The GST:DmFoxF fusion protein bound, although not as efficiently, this oligonucleotide. Other oligonucleotide (NC in Fig. 3 ), containing a different sequence, also recognized by FOXJ2, but of a different type (Perez-Sanchez et al., 2000) , was not bound by the GST:DmFoxF protein. DNA sequences recognized by FOXF2 contain a core element, GTAAACA, common to other fork head factors. Sequence specificity for FOXF2 is provided by specific nucleotides flaking this core element, at its 3 0 and 5 0 ends (Pierrou et al., 1994) . The sequence of the PE2 oligonucleotide, but not those of GAS or NC oligonucleotides, contained the same core element. This could explain why DmFoxF is still able to bind the PE2 oligonucleotide, but not GAS or NC. A guanine residue 3 0 to the core element of PE2, (shown in inverted type in Fig. 3 ), could account for the lower binding affinity of DmFoxF to this sequence. The same position is rarely a guanine residue in human FOXF2 (7%) and FOXF1 (2%) PRC-selected sites (Peterson et al., 1997; Pierrou et al., 1994) . The expression of DmFoxF during Drosophila development was analyzed by RT-PCR. The amplimers were sequenced for confirmation. These experiments showed that DmFoxF was expressed in all main developmental stages of Drosophila: embryos, larvae, pupae and adults (Fig. 4A) . A polyclonal antiserum, raised against the GST:DmFoxF fusion protein, revealed a single 73 kDa band in Western blot experiments with protein extracts of all these developmental stages (Fig. 4B) . Northern blot experiments with total RNA from larvae and adults showed a single DmFoxF transcript of approximately 5 Kb (Fig.  4C) . DmFoxF mRNA is first detected at the syncitial blastoderm stage, suggesting that this gene has maternal expression (data not shown). RT-PCR experiments with RNA isolated from unfertilized embryos confirmed this (Fig.  4A) . However, Western blot experiments with the DmFoxF antiserum did not show expression of the DmFoxF protein in unfertilized embryos. The DmFoxF protein was first detected in stage 10-11 embryos, at the segmental cell clus- Computer-predicted model of the three-dimensional structure of the fork head domain of DmFoxF (red), built from its amino acid sequence, superimposed onto the three-dimensional structure of the HNF3g fork head domain (blue). The NMR spectroscopy-resolved structures of the fork head domains of rat Genesis (Marsden et al., 1998 ), human Freac-11 (van Dongen et al., 2000 , human AFX (Weigelt et al., 2000>) , and the X-ray structure of the fork head domain of rat HNF-3g (Clark et al., 1993) , and knowledge-based computer assisted protein modeling methods were used for the three-dimensional prediction. The Cartesian coordinates of each structure were from the Brookhaven Protein Data Bank, with PDB codes 2HFH, 1D5V, 1E17, for Genesis, Freac-11 and AFX respectively, whereas the HNF-3 coordinates were from the Nucleic Acid Database Project (code PDT013). Computations were performed on a Power Challenge R10000 by using the BIOSYM software package, release 95.0 (Molecular Simulations, Inc., San Diego, CA).
ters that include the presumptive midgut visceral mesoderm (Fig. 5) . As development progresses, DmFoxF protein expression appears to be restricted to columnar cells, at the ventral side of the patch, which connect to each other to form a continuous band of visceral mesoderm (Fig. 5B) .
DmFoxF protein is also expressed in mesodermal cells of the proctodeum, which will develop into visceral mesoderm of the hindgut.
Experimental procedures
Accession number: the sequence data have been submitted to the GeneBank under the accession number: AY044243.
RNA analysis
RNAs were extracted by the guanidinium acid-phenol chloroform method (Chomczynski and Sacchi, 1987) and separated on formaldehyde gels, transferred onto nylon membranes and hybridized with [ 32 P]-labeled probes, following standard methods (Ausubel et al., 1998) .
RT-PCR analysis were performed with total RNA and primers DmFoxF 685 5 0 -AATGCGCACGGCATGCCCG- Northern blot analysis of 10 mg of total RNA isolated from larvae and adult flies. The blot was hybridized with a 32 P-labelled probe derived from the DmFoxF cDNA. uE, unfertilized embryos; E, fertilized embryos; P, pupae; L, Larvae; A, adults. (Pierrou et al., 1994) ; PE2 and NC, oligonucleotides containing binding sites for FOXJ2 (Perez-Sanchez et al., 2000) ; GAS, oligonucleotide containing an interferon g activating sequence of the FcgRI receptor gene (Shuai et al., 1994) -no competitor.
C-3
0 -DmFoxF 1577c 5 0 -GCCGCTCCCAGTGGCGAA-CTTG-3 0 -DmFoxF 1940c 5 0 -ATCATGGGGGGCGGGCT-GATG-3 0 .
DNA binding assays. Antibody preparation and embryo immunohistochemistry
A 519-base pair fragment of the DmFoxF cDNA, coding residues N-229 to I-402 including the fork head domain, was cloned in the pGEX-3X vector (Amersham Pharmacia Biotech) in frame with the GST open reading frame. The recombinant protein was purified by affinity chromatography onto glutathione-sepharose columns, and it was used for electrophoretic mobility shift assays (EMSA) as described (Perez-Sanchez et al., 2000) .
The purified recombinant protein was also used for antibody preparation. Immunizations of mice were done by subcutaneous injections of 100 mg of the purified fusion protein, following standard procedures (Harlow and Lane, 1988) . Antibody staining of fly embryos was basically done following Azpiazu et al. (1996) .
